To establish which meiosis genes are present in ciliates, and to look for clues as to which recombination pathways may be treaded by them, four genomes were inventoried for 11 meiosis-specific and 40 meiosis-related genes. We found that the set of meiosis genes shared by Tetrahymena thermophila, Paramecium tetraurelia, Ichthyophthirius multifiliis, and Oxytricha trifallax is consistent with the prevalence of a Mus81-dependent class II crossover pathway that is considered secondary in most model eukaryotes. There is little evidence for a canonical class I crossover pathway that requires the formation of a synaptonemal complex (SC). This gene inventory suggests that meiotic processes in ciliates largely depend on mitotic repair proteins for executing meiotic recombination. We propose that class I crossovers and SCs were reduced sometime during the evolution of ciliates. Consistent with this reduction, we provide microscopic evidence for the presence only of degenerate SCs in Stylonychia mytilus. In addition, lower nonsynonymous to synonymous mutation rates of some of the meiosis genes suggest that, in contrast to most other nuclear genes analyzed so far, meiosis genes in ciliates are largely evolving at a slower rate than those genes in fungi and animals.
Introduction
Meiotic recombination is initiated by DNA double-strand breaks generated by the meiosis-specific nuclease Spo11 (Keeney et al. 1997; Keeney 2001) . DNA at these doublestrand breaks is then resected to expose single-stranded ends. These ends can engage in heteroduplex formation with homologous DNA tracts, leading to strand exchange between homologous chromosomes (San Filippo et al. 2008) . While initial double-strand break formation and strand exchange are conserved among eukaryotes, the downstream pathways converting transient joint DNA molecules into crossovers are diverse (Kohl and Sekelsky 2013) . The predominant class I pathway uses the meiosis-specific set of ZMM group genes (Lynn et al. 2007; Svendsen and Harper 2010; Schwartz and Heyer 2011) and is manifested by the formation of a synaptonemal complex (SC). Crossovers in this pathway are interfering; that is, crossovers suppress nearby crossovers (Berchowitz and Copenhaver 2010) . The class II pathway involves only genes that also have mitotic DNA repair functions, and it produces crossovers that are noninterfering.
Meiotic genes involved in initial double-strand break formation, as well as downstream processes such as crossing over, are just beginning to be assessed in ciliates. Ciliates (= Ciliophora) are a large clade of microbial eukaryotes with "germline" micronuclei and "somatic" macronuclei in each cell (Lynn 2008) . Sex in ciliates entails the mutual exchange of haploid products of meiotically divided micronuclei between cells of complementary mating types (Sonneborn 1937; Phadke and Zufall 2009; Cervantes et al. 2013 ). So far, meiosis genes have only been analyzed in Tetrahymena thermophila. In an inventory of 29 meiosis genes in the published genome, Malik et al. (2008) used Blast to find 6 meiosis-specific and 11 meiosis-related genes. With the same method, Mochizuki et al. (2008) found 4 meiosisspecific genes and 33 meiosis-related genes. And using gene knockout/knockdown and immunostaining methods, the function of 4 meiosis-specific and 11 meiosis-related genes involved in chromosome pairing and recombination has been investigated (Loidl and Scherthan 2004; Mochizuki et al. 2008; Loidl and Mochizuki 2009; Lukaszewicz et al. 2010; Howard-Till et al. 2011; Howard-Till et al. 2013; Lukaszewicz et al. 2013) .
Here, we expand the inventory of ciliate meiosis genes in the T. thermophila (Eisen et al. 2006) genome by looking for homologs of 11 genes that are known to be meiosisspecific in yeast and other eukaryotes and 40 meiosisrelated genes. We also broaden the inventory by searching the genomes of Paramecium tetraurelia (Aury et al. 2006) , Ichthyophthirius multifiliis (Coyne et al. 2011) , and Oxytricha trifallax (Swart et al. 2013) . Given that gene duplications of nuclear protein-coding loci are rampant in ciliates (e.g., Katz et al. 2004) , two different methods of data mining are used to uncover all potential paralogs, and phylogenies are inferred to confirm gene identification. We use the inventory to look for clues as to which recombination pathways may be treaded by ciliates and discuss the evolutionary implications of our findings. To further evaluate whether ciliate genome architecture allows for relatively faster evolving genes (e.g., Zufall et al. 2006) , some genes are also analyzed for nonsynonymous to synonymous substitution rates. Throughout we indicate gene names by capital letters and italics, and proteins in lowercase with a capital first letter, as is common practice in Saccharomyces cerevisiae nomenclature.
Results

Gene Inventory and Phylogeny
Here, we use data from the published genomes of T. thermophila, P. tetraurelia, O. trifallax, and I. multifiliis. These genomes were queried for homologs of 51 meiosis genes. Both the BlastP (Altschul et al. 1990 ) and the HMMER (Eddy 2011) Of the 11 meiosis-specific genes inventoried here, 7 are found in ciliates. The most central and conserved of these is SPO11, whose product initiates recombination by forming double-strand breaks in DNA. Five other genes found are DMC1, which is essential for the homolog (nonsister) bias in meiotic recombination (Bugreev et al. 2011 ); HOP2 and MND1 whose protein products form a complex that stabilizes the association of Dmc1 with DNA (Chen et al. 2004) ; and MSH4 and MSH5, whose products act as a heterodimer (Snowden et al. 2004) and are believed to stabilize recombination intermediates (Nishant et al. 2010) . REC8, the seventh gene found, poses a special situation in that in all other organisms investigated so far it encodes a meiosis-specific component of the sister chromatid cohesin complex, whereas in T. thermophila it is important both for mitosis and meiosis .
Four of these genes are not found in at least one of the ciliates: DMC1 was not identified in P. tetraurelia nor does P. tetraurelia or the other ciliates have MCM8 (data not shown) which facilitates double-strand break repair in the absence of DMC1 in Arabidopsis thaliana (Crismani et al. 2013 ); MSH4 and MSH5 were not identified from I. multifiliis; and REC8 is only found in T. thermophila. Multiple gene copies are found for three meiosis-specific genes: HOP2 has two paralogs in T. thermophila, I. multifiliis, and O. trifallax; MND1 has two paralogs in T. thermophila and O. trifallax; and MSH4 has two paralogs in P. tetraurelia and O. trifallax (table 1) . Four meiosis-specific genes (HOP1, MER3, RED1, and ZIP1) are not found in the ciliates; they are all known to be involved in the formation of the SC.
The finding here of MSH5 contradicts the two earlier gene inventories of T. thermophila (Malik et al. 2008; Mochizuki et al. 2008) . We feel that the identification of this gene here is supported by several aspects. First, the phylogenetic analysis shows that our MSH5 candidate from T. thermophila (GI 118384428) nests in the same clade with MSH5 genes from other organisms ( fig. 1 and supplementary file S1, Supplementary Material online). Second, MSH5 is also found here in P. tetraurelia and O. trifallax. Third, Msh5's meiotic dimerization partner, Msh4, is also present in T. thermophila, P. tetraurelia, and O. trifallax.
Forty meiosis-related genes were also inventoried. These genes are involved in double-strand break formation, DNA damage sensing, double-strand break repair, crossover regulation, and other processes that are relevant but not exclusive to meiosis. Of these genes, 29 are found in the ciliates, of which 23 are found in all four species. Paralogs are found in 20 meiosis-related genes.
dN/dS Ratios
To estimate the rate of mutation, Datamonkey (Kosakovsky Pond and Frost 2005a; Kosakovsky Pond et al. 2005; Delport et al. 2010 ) was used to measure the ratio of nonsynonymous to synonymous substitutions in 23 meiotic genes that are present in all four ciliates ( fig. 3 , supplementary tables S1 and S2, Supplementary Material online). Ratios were <1 for all genes measured, suggesting negative selection; that is, there was a purification of deleterious alleles due to changes in protein sequences. Ciliates have the highest dN/dS ratios for ten of these genes (ATR, DNA2, FEN1, HOP2, MLH1, MRE11, MSH6, MUS81, PMS1, and RAD50); for most of these genes, fungi have the second highest values. Fungi have the highest dN/dS ratios for 11 genes (CDC2, EXO1, KU70, KU80, LIG4, MND1, MSH2, RAD51, SAD1, SGS1, and SPO11), and animals have the highest values for 2 (MPH1 and RAD23).
A Search for SC-Related Structures
The absence of HOP1, RED1, and ZIP1, which encode SC proteins, is consistent with the failure to observe these structures in electron microscopy sections of T. thermophila meiotic nuclei (Wolfe et al. 1976 ). Here, we searched for SCs in T. thermophila and Stylonychia mytilus using nuclear spreading and silver staining methods that highlight SCs in light and electron microscopy in a variety of organisms (Albini et al. 1984; Loidl et al. 1998 ). In T. thermophila, meiotic pairing occurs in micronuclei at a stage when they are extremely elongated ( fig. 4A ; Mochizuki et al. 2008) . From 3 to 4 h after induction of meiosis, when this stage is most abundant, SC-like structures were not detected ( fig. 4B-D) , thereby confirming the observation of Wolfe et al. (1976) .
By contrast, distinct linear structures are present in S. mytilus ( fig. 4E ). They closely resemble axial elements, which, in many organisms, are precursors to SCs. Axial elements form along chromosomes at the leptotene stage and become connected by transversal filaments. Together, these structures normally become a mature SC that intimately links homologous chromosomes at the pachytene stage (Zickler and Kleckner 1999) . However, in S. mytilus, connected axial elements were not observed. We therefore presume that S. mytilus develops only residual SC structures. This is similar to meiosis of Schizosaccharomyces pombe, where only so-called linear elements (LinEs) are formed instead of fullfledged SCs (Loidl 2006 ).
Discussion
A Ciliate Meiosis Gene Toolkit
Meiotic sex-the fusion of haploid meiotic products from different individuals-is thought to have originated in the common ancestor of all eukaryotes (Dacks and Roger 1999) . The advantages of maintaining sex since this origin 118389274  145539344  340505212  403347840  146180395  145534283  403331849  145479295 NOTE.-Genes are grouped according to functions. Meiosis-specific genes are underlined. Letters in parentheses after some gene names designates that name is used in specific organisms: a in Arabidopsis thaliana, c in Caenorhabditis elegans, d in Drosophila melanogaster, m in Mus musculus, and s in Schizosaccharomyces pombe. Superscript alphabets designate the articles in which those homologs were identified previously, and their roles in meiosis experimentally established, in T. thermophila: Lukaszewicz et al. (2013) . Numbers are the NCBI database GI accession numbers, except for DNA2 of O. trifallax, which is a contig number that does not have a GI number. Unannotated = genes without GI accession numbers; their amino acid sequences are in supplementary file S1, Supplementary Material online. -= genes not identified in the genomes. have been explored in depth both theoretically (e.g., Williams 1975; Maynard Smith 1978; Bell 1982; Kondrashov 1993; West et al. 1999; Burt 2000; Hamilton 2001 ) and empirically (e.g., Misevic et al. 2010; Morran et al. 2011; Becks and Agrawal 2012; Tucker et al. 2013) . The underlying genes enabling sex in eukaryotes, though, are just beginning to be explored through the inventory and analysis of a toolkit of meiosis genes (Ramesh et al. 2005; Malik et al. 2008; Schurko and Logsdon 2008) .
Detection of the underlying genes involved in sex, or detecting the potential capability of having sex, by inventorying and analyzing a toolkit of meiosis genes has occurred in a broad range of taxa: for example, in the microbial eukaryotes Trichomonas vaginalis (Malik et al. 2008) and Giardia intestinalis (Ramesh et al. 2005) ; in the animals Daphnia pulex (Schurko et al. 2009 ), monogonont rotifers (Hanson et al. 2013) , and Nasonia vitripennis (Schurko et al. 2010) ; and in the fungi Glomus spp. (Halary et al. 2011; Riley and Corradi 2013) and Penicillium roqueforti (Ropars et al. 2012) . Overall, published studies have found that although meiosis-specific genes are generally conserved across all the major clades of eukaryotes , absence of one or several of them is common. For example, DMC1, HOP2, MER3, and MND1 are missing in Caenorhabditis elegans and Drosophila melanogaster (Masson and West 2001; Pezza et al. 2007 ); HOP1 is missing in Anopheles gambiae and Neurospora crassa (Malik et al. 2008) ; and MSH4 and MSH5 are absent in D. melanogaster (Kohl et al. 2012) , G. intestinalis (Ramesh et al. 2005) , Plasmodium falciparum (Gardner et al. 2002) , and S. pombe .
In ciliates, meiosis genes have so far only been inventoried in T. thermophila. Using Blast searches, Malik et al. (2008) identified 6 meiosis-specific (DMC1, HOP1, HOP2, MND1, MSH4, and SPO11) and 11 meiosis-related genes (MRE11, RAD1, RAD50, RAD51, MSH2, MSH6, MLH1, PMS1, SMC2, SMC3, and SMC4). Likewise using Blast, Mochizuki et al. (2008) found 4 meiosis-specific genes (DMC1, HOP2, MND1, and SPO11) and 39 meiosis-related genes.
T. thermophila is also the only ciliate where functional studies of meiotic proteins have been performed by knockout/knockdown approaches and immunolocalization. In brief, most protein products from meiotic genes exert functions similar to their homologs in other model eukaryotes. Spo11 was found to be essential for the formation of doublestrand breaks, confirming its universal role in this process. In particular in T. thermophila, Spo11-induced double-strand breaks cause the elongation of micronuclei and, thereby, the pre-assortment of chromosomes that is essential for meiotic homologous pairing (Mochizuki et al. 2008) . Similarly, the localization and/or the deletion phenotypes of ATR, Com1(Sae2), Dmc1, Hop2, Mre11, and Rad51 were largely consistent with their expected functions (Mochizuki et unlike all other eukaryotes studied so far, a single version of the kleisin component of cohesion, Rec8, which is crucial for normal chromosome segregation in mitosis and meiosis and for meiotic double-strand break repair .
To establish a more robust meiosis gene toolkit for ciliates, we inventoried 11 meiosis-specific and 40 meiosis-related genes not only in T. thermophila but also in P. tetraurelia, I. multifiliis, and O. trifallax (table 1, figs. 1 and 2, supplementary file S1, Supplementary Material online). This inventory of four genomes shows that not all meiosis-specific genes are needed in this clade of microbial eukaryotes. Among the meiosis-specific genes inventoried, seven (DMC1, HOP2, MND1, MSH4, MSH5, REC8, and SPO11) are found in at least one of the ciliates. While these genes are known to be meiosisspecific in yeasts and other eukaryotes, their meiotic specificity among the ciliates has not been investigated; the one exception is REC8, which is also involved in mitosis in T. thermophila but is absent in the other three ciliates. Likewise, this inventory shows that not all meiosis-related genes are required in ciliates.
We found multiple gene copies in 3 meiosis-specific and 20 meiosis-related genes (table 1, figs. 1 and 2, supplementary file S1, Supplementary Material online). This extensive paralogy reflects observations in previous studies that found paralogs in other ciliate nuclear protein-coding loci (Israel et al. 2002; Snoeyenbos-West et al. 2002; Katz et al. 2004; Snoke et al. 2006; Zufall and Katz 2007; Yi et al. 2012; Zhan et al. 2013 ) and is consistent with the multiple whole-genome duplications known in P. tetraurelia (Aury et al. 2006; Hughes et al. 2007 ). Because of these paralogs, molecular phylogenetic inferences in ciliates using these meiosis genes could be mislead by a confounding of orthologs and paralogs.
Given that sex, and the genes underlying this process, in microbial eukaryotes is little known (Dunthorn and Katz 2010; O'Malley et al. 2013) , these data of four known sexual ciliates can serve as a baseline for inventorying meiosis genes in other sexual ciliates, as well test for the ability to have cryptic sex in putative asexual ciliates; for example, in the Colpodea (Foissner 1993; Dunthorn and Katz 2010) . As discussed later, this gene inventory also allows for evolutionary insights into the slimmed SCs, as well as recombination pathways, in ciliates.
Are Functional SCs Lacking in Ciliates?
Almost all eukaryotes capable of meiosis form SCs (Wettstein et al. 1984) . These protein complexes consist of two parallel axial elements that form along the axes of paired chromosomal partners. These axial elements, and the chromosomes to which they are attached, are connected by transversal filaments. Three meiosis-specific proteins are major components of the canonical SC. Hop1 and Red1 help form axial elements (also known as lateral elements) (Hollingsworth et al. 1990) , and Zip1 helps form transversal filaments (Dong and Roeder 2000) .
SCs are thought to provide a tight physical link between homologous chromosomes and to regulate crossing over, in a not yet fully understood way. Only a few eukaryotes are able to perform crossing over in their absence. The best known examples are S. pombe (Kohli and Bähler 1994) and Aspergillus nidulans (Egel-Mitani et al. 1982) . However, these two fungi form rudimentary axial element-like structures (the LinEs) that are likely remnants of once existing SCs (Loidl 2006) . Accordingly, S. pombe has a Hop1 and a protein (Rec10) with some similarity to Red1 (Lorenz et al. 2004) . LinEs seem to serve in the recruitment or activation of recombination factors (Estreicher et al. 2012) .
HOP1 can be easily detected in homology searches due to its conserved HORMA domain, and homologs are known from A. thaliana (Caryl et al. 2000; Nonomura et al. 2004) , C. elegans (Couteau and Zetka 2005; Martinez-Perez and Villeneuve 2005) , Mus musculus (Shin et al. 2010) , S. cerevisiae (Hollingsworth and Byers 1989; Hollingsworth et al. 1990) , and S. pombe (Lorenz et al. 2004 ). On the other hand, ZIP1 is not a convenient indicator of the presence of the SC, as its sequence is highly variable and there are similarities only at the structural level (Heyting 2005; Higgins et al. 2005) .
None of these SC-related genes-HOP1, RED1, and ZIP1-were found in a previous gene inventory of T. thermophila (Mochizuki et al. 2008) , and they are not found here (table 1) . Moreover, SCs were not detected microscropically in T. thermophila in an earlier electron microscopy study (Wolfe et al. 1976) as well as here with silver staining ( fig. 4A-D) . Thus, all molecular and microscopic evidence to date do not support the existence of SCs in T. thermophila. It has been proposed that in the absence of these structures, the elongated shape of meiotic micronuclei in T. thermophila promotes physical contact of homologous chromosomes during recombination (Loidl and Scherthan 2004) .
Similarly, here we did not find the SC genes HOP1, RED1, and ZIP1 in P. tetraurelia, I. multifiliis, and O. trifallax (table 1) . However, we did observe axial element-like structures in S. mytilus ( fig. 4) , which is closely related to O. trifallax (Lynn 2008) . Moreover, in a transmission electron microscopic study, it was reported that Paramecium primaurelia (stock 540 of syngen 1 of the Paramecium aurelia species complex) has "ill-defined synaptonemal complex-like material" (Stevenson 1972) . Residual SC structures have also been microscopically detected in other ciliates. In Dileptus anser, there are fragmentary SCs (Vinnikova 1976 ) as well as massive polycomplexes similar to those that often accompany abnormal or incomplete SC formation (Goldstein 1987) . In Tracheloraphis totevi, only the less condensed chromosomes or chromosome regions at the periphery of pachytene nuclei show SCs (Kovaleva and Raikov 1992) . Altogether, mature, canonical SCs have not yet been found in ciliates, although it seems that there is some variability as to the extent of residual SC formation. It will be a worthwhile task for the future to determine whether there exist any ciliates with canonical SCs.
There is an inconsistency between the apparent presence of fragmentary SCs, or axial element-like structures, in some of the ciliates and the failure to detect homologs of genes encoding axial element proteins, such as S. cerevisiae HOP1 or RED1 or S. pombe REC10. The absence of some of the genes in our inventory may be due to the limitations of the data mining methods. The released drafts of the genomes we used could have excluded these genes (e.g., Florea et al. 2011; Mavromatis et al. 2012; Zhang et al. 2012) . Alternatively, structures that appear similar in the microscope could be composed of completely different proteins.
Ciliate Recombination Pathways Zalevsky et al. (1999) proposed that there may be at least two different pathways for meiotic crossover formation in S. cerevisiae. Similarly, Copenhaver et al. (2002) suggested that A. thaliana has two crossover pathways. The existence of two pathways in S. cerevisiae was later confirmed by de los Santos et al. (2003) , who found that class I crossovers are dependent on Msh4-Msh5 and exhibit interference, while class II crossovers are dependent on Mus81-Mms4 and exhibit no interference. Finally, it was established that class I crossovers are dependent on the so-called ZMM group of proteins (encoded by ZIP1, ZIP2, ZIP3, MSH4, MSH5, and MER3) whose presence is linked to the formation of a SC (Bishop and Zickler 2004; Börner et al. 2004; Hollingsworth and Brill 2004) .
This two-pathway classification was found applicable to most crossovers in a range of model organisms. While most model eukaryotes are capable of both recombination pathways, their presence and prevalence differ (Svendsen and Harper 2010; Schwartz and Heyer 2011; Kohl and Sekelsky 2013) . Notably, most crossovers in C. elegans and D. melanogaster are through the class I pathway (Zalevsky et al. 1999; Kelly et al. 2000; Meneely et al. 2002; Kohl et al. 2012) . S. pombe is the only organism found so far to exclusively rely on the class II pathway (Boddy et al. 2001; Villeneuve and Hillers 2001; Smith et al. 2003) . It should be noted, however, that the two-pathway classification is becoming somewhat blurred in C. elegans, where Mus81 may also be involved in the generation of interfering SC-dependent crossovers (Bellendir and Sekelsky 2013) .
In ciliates, recombination pathways have only been studied in T. thermophila. Most, if not all, crossovers in this ciliate are generated by the class II; that is, the SC-independent Mus81-dependent pathway . Paramecium tetraurelia, O. trifallax, and I. multifiliis presumably are also capable of class II crossovers given that they have MUS81 (table 1) . The presence of MSH4 and MSH5 homologs (table 1) is surprising because ZMM proteins Msh4 and Msh5 are considered to play a role in the stabilization of class I crossover-designated recombination intermediates in the presence of a SC (Börner et al. 2004; Nishant et al. 2010) . It is not known whether T. thermophila is capable of class I crossovers, but given the presence of MSH4 and MSH5 there is a possibility that class I crossovers can occur in the absence of a canonical SC. Similarly, given the presence of MSH4 and MSH5 in P. tetraurelia and O. trifallax, a slimmed class I crossover pathway may occur in other ciliates. Gene knockout experiments are therefore needed to study the function of MSH4-and MSH5-encoded proteins in T. thermophila and to determine whether a subset of crossovers in T. thermophila is subject to interference. It will also be interesting to know which of these pathways are treaded during autogamy in ciliates, which occurs in ciliates by the fusion of haploid nuclei within a single cell (Miyake 1996; Lynn 2008) .
As the class II pathway is similar to mitotic recombinational double-strand break repair, Kohl and Sekelsky (2013) posit that meiotic recombination originally occurred via the class II pathway, and that later the class I pathway evolved for more precise crossover control. Given both class I and class II pathways are found in animals, fungi, and plants, we add to this hypothesis in positing that both crossover pathways would have already been in place within the ancestor of all extant eukaryotes. Similarly, the presence of SC-like structures in several of the ciliates indicates that its absence in T. thermophila, and T. thermophila's dependence on the class II recombination pathway, is a derived condition. We hypothesize that a reduction of the SC-and ZMM-dependent class I crossover pathway had occurred at the separation of the ciliates from the other Alveolata or sometime afterward. Support for the gradual loss of the class I pathway comes from the observation that MSH4 and MSH5 homologs are missing in I. multifiliis (table 1) .
Rates of Evolution in Ciliate Meiosis Genes
Genome architecture is thought to be one of the driving forces of the rates of gene evolution (Lynch and Conery 2003; Lynch 2007) . For example, it is hypothesized that the peculiar ciliate genome architecture, in which protein synthesis occurs in the macronuclei, allows deleterious mutations in micronuclear genes to evade selective pressures during long periods of cell replication (Katz et al. 2004; Katz et al. 2006; Zufall et al. 2006) . From the micronuclei's point of view, the generation time is greatly extended. This evasion allows for enough time for compensatory mutations to arise, such that nonsynonymous mutation rates are high in ciliates. Consistent with this hypothesis, using dN/dS ratio comparisons, Zufall et al. (2006) found that ciliates have the highest rates of mutation for six genes (actin, b-tubulin, EF1a, Histone H4, and HSP90) when compared with animals, fungi, and plants; fungi only have a higher dN/dS ratio for a-tubulin.
For the same group of organisms, here we assessed dN/dS ratios for 23 meiotic genes ( fig. 3 , supplementary tables S1 and S2, Supplementary Material online). Ciliates have the highest dN/dS ratios for only ten of these genes. Fungi, or animals, have the highest values for the 13 other genes. The genome architecture of ciliates thus does not always lead to higher dN/dS ratios, as seen with a-tubulin in Zufall et al. (2006) and as seen here in more than half of the meiotic genes examined.
Conclusion
This inventory and analysis of meiosis genes in four genomes shows that not all eukaryotic meiosis-specific and meiosisrelated genes are needed in ciliates. Our data, together with a previous functional study in T. thermophila, suggest that ciliates are capable only of a slimmed meiosis, using a set of mitotic repair proteins for meiotic recombination. This reduction is likely a derived condition and may be the result of the abandonment of the more complex class I pathway within the ciliates.
Materials and Methods
Data Mining
A query database of 11 meiosis-specific genes and 40 meiosisrelated genes from nonciliate eukaryotes was established using literature and keyword searches of the NCBI protein database (http://www.ncbi.nlm.nih.gov, last accessed January 1, 2014) and the Uniprot Knowledgebase (http://www.uniprot.org, last accessed January 1, 2014) from September to November 2012. For some genes that belong to a certain protein family or consist of certain conserved domains, full sequences from Pfam database (Punta et al. 2012 ) and NCBI Conserved Domain Database (http://www.ncbi.nlm.nih.gov/ cdd, last accessed January 1, 2014) were also used as complementary queries (supplementary table S3, Supplementary Material online). For REC8, we used both the typical eukaryotic sequences, as well as the sequence for the REC8 uncovered in T. thermophila by Howard-Till et al. (2013) .
Four ciliate macronuclear genomes were retrieved from their online databases: T. thermophila (http://ciliate.org, last accessed January 1, 2014), P. tetraurelia (http://paramecium. cgm.cnrs-gif.fr, last accessed January 1, 2014), I. multifiliis (http://ich.ciliate.org, last accessed January 1, 2014), and O. trifallax (http://oxy.ciliate.org, last accessed January 1, 2014). Although the genomes of the four organisms have been sequenced and assembled to scaffolds (Doak et al. 2003; Aury et al. 2006; Eisen et al. 2006; Coyne et al. 2011; Swart et al. 2013) , annotations of many genes are incomplete. Artemis (Rutherford et al. 2000) was used to extract ORFs from each genome.
The query database of meiotic genes was used to search the subject database constructed with ORFs from the four ciliate genomes using two complementary approaches: BlastP (Altschul et al. 1990 ), which returns the most similar protein sequences from the user-specified protein database, and HMMER v3.0. (Eddy 2011) using HMMERsearch, which uses a profile hidden Markov model to detect remote homologs. For both methods, only hits with E-values <10 À4 for the full sequence were retained. All candidate homologs were then verified by reciprocal BlastP search against the nonredundant protein sequence database of NCBI.
Sequence Analyses
Phylogenetic inferences of each meiotic gene were used to confirm gene identification and provide insight into the evolution of the genes in the four ciliates. Taxon sampling in animals, fungi, and plants followed Zufall et al. (2006) ; the microbial eukaryotes Dictyostelium, Entamoeba, Giardia, Micromonas, Plasmodium, Trichomonas, and Trypanosoma were also sampled as outgroups. Multiple amino acid sequence alignments were constructed using MAFFT v6.850 (Katoh et al. 2002) . The WAG-I-À model of evolution (Whelan and Goldman 2001) was used in all analyses. Maximum likelihood analyses were run in RAxML v7.3.0 (Stamatakis 2006) , with bipartition support from 1,000 bootstrap replicates. Trees were visualized with FigTree v1.3.1 (Rambaut 2006) .
For selection analyses, amino acid sequences and cDNA sequences of 23 meiotic genes from animals, ciliates, fungi, and plants were retrieved from NCBI database by keyword search (supplementary table S1, Supplementary Material online). These genes were chosen if they are present in all four ciliates. Taxon sampling in animals, fungi, and plants followed Zufall et al. (2006) . Alignments of the amino acid sequences were constructed using MAFFT with default settings. Alignments of cDNA were performed using PAL2NAL v14 (Suyama et al. 2006) . Using these alignments, dN/dS ratios were measured with Datamonkey (Kosakovsky Pond and Frost 2005a; Kosakovsky Pond et al. 2005; Delport et al. 2010) . Comparisons were made with the likelihood SLAC method (Kosakovsky Pond and Frost 2005b) , with the bestfitted substitution model automatically chosen by the program.
Cell Preparation and Staining for Microscopy
Stylonychia mytilus was cultured at 20-23 C in Pringsheim solution and fed with Chlorogonium (Ammermann et al. 1974) . Strains of different mating types were mixed in the morning and fed in a manner that all food was depleted in the afternoon. Under these conditions, cells conjugated during the following 16-24 h (Ammermann D, personal communication) . Samples were taken from 16 to 23.5 h at 1.5-h intervals. Twenty microliters of concentrated suspension of conjugating cells was dropped onto a clean slide and 80 ml 10% Lipsol detergent was added to lyse the cells. Lysis was stopped after 5 s by the addition of 120 ml fixative (4% paraformaldehyde + 3.4% sucrose). Liquids were mixed by tilting the slide. Slides were airdried and stained with AgNO 3 solution (1 g AgNO 3 in 2 ml H 2 O). Staining and preparation for light and electron microscopy followed the protocol for yeast SCs in Loidl et al. (1998) .
Tetrahymena thermophila strains B2086 and CU428 were cultivated at 30 C according to standard methods (Orias et al. 2000) , and they were made competent for sexual reproduction by starvation in 10 mM Tris-Cl (pH 7.4) for 14-16 h. Conjugation and meiosis were induced by mixing equal amounts of starved strains. Twenty microliters of a concentrated suspension of conjugating cells from 3 and 4 h after induction of meiosis was put on a slide, and 40 ml of 10% Lipsol detergent was added. Cell lysis was monitored under phase contrast. When about two-third of cells were lysed, the process was stopped by the addition of 120 ml fixative (as discussed earlier). Further processing of the slides was done as for S. mytilus.
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